In this work, we examine the swelling of nanostructured block copolymer electrolytes immersed in liquid water. A series of sulfonated polystyrene-b-polyethylene-b-polystyrene (S-SES) membranes having the same nominal chemical composition but two different morphologies are prepared by systematic changes in processing. We start with a membrane comprising a mixture of homopolymer polystyrene (hPS) and a polystyreneb-polyethylene-b-polystyrene (SES) copolymer. Homopolymer hPS is subsequently selectively removed from the membrane and the polystyrene domains are sulfonated to give S-SES membranes. The morphology of the membranes is controlled by controlling ϕ v , the volume fraction of hPS in the blended membrane. The morphology of the membranes was studied by small angle X-ray scattering (SAXS), cryogenic scanning transmission electron microscopy (cryo-STEM) and cryogenic electron tomography. The overall domain swelling measured by SAXS decreases slightly at ϕ v =0.29; a cross-over from lamellar to bicontinuous morphology is obtained at the same value of ϕ v . The bicontinuous morphologies absorb more water than the lamellar morphologies.
Introduction
Polymer electrolyte membranes have attracted considerable attention due to their wide applications in fuel cells, 1, 2 redox flow cells, 3, 4 lithium batteries 5, 6 and clean water technologies such as electrodialysis. 7, 8 Ion transport in polymer electrolyte membranes are often facilitated by the presence of solvents like water, [9] [10] [11] methanol 12, 13 and ionic liquid. 14, 15 Swelling of polymer electrolyte membranes by such solvents is an important issue as it affects the concentration of ionic groups in the swollen membrane hence the ion transport rate. Swelling also affects the mechanical properties and dimensional stability of the membranes, both having impact on the performance of the device. The macroscopic swelling of polymer electrolyte membranes in water has been studied extensively. 10, 16, 17 However, there have been very few studies probing the swelling (or deswelling) of individual nanodomains in polymer electrolyte membranes. 18, 19 While one expects the 3 hydrophilic domains to swell in the hydrated, predicting the concomitant changes in the size of the hydrophobic domains is more challenging.
Block copolymer electrolytes consisting of a hydrophobic structural block and a hydrophilic ion transporting block serve as a good model platform to study the nanoscale swelling of such membranes in the presence of solvents. 20, 21 Block copolymers can self-assemble into a variety of welldefined morphologies, depending on the volume fraction of the two blocks.
Swelling one block with a selective solvent may change the phase behavior of the block copolymer as it changes the effective Flory-Huggins parameter χ between the two blocks. 22, 23 When one of the blocks is charged, the phase behavior of block copolymer electrolyte/solvent mixture becomes more complicated.
In previous reports, we examined the effects of molecular weight, composition, and sulfonation level on the phase behavior of block copolymer electrolyte poly(styrene sulfonate methylbutylene) (PSS-PMB). 21, 24, 25 We found that in the dry state, PSS-PMB exhibited rich morphologies at regimes where uncharged block copolymers only exhibit lamellar morphology. PSS-PMB with a very low molecular weight (M n,PS =1.4 kg/mol and M n,PMB =1.4 kg/ mol, sulfonation level = 30%) exhibited a disorder-to-order transition with increasing temperature at fixed relative humidity above 54%, while PSS-PMB with a higher molecular weight and lower sulfonation level (M n,PS =2.5 kg/mol and M n,PMB =2.6 kg/mol, sulfonation level = 9%) exhibited a lamellar-todisorder transition with increasing temperature at a fixed relative humidity of 4 85%. These transitions were driven by the partial molar entropy change of water, which can be determined directly by measuring the order-to-disorder transition temperature of the hydrated membrane in equilibrium with humid air. It is worth nothing that water uptake did not show a discontinuous change at these transitions.
Recently, we explored the effect of hydration on a sulfonated polystyrene-b-polyethylene-b-polystyrene (S-SES) triblock copolymer. We reported direct observation of water-rich channels in S-SES membranes equilibrated in liquid water. 26 The presence of these channels coincides with a sharp discontinuous increase in proton conductivity of the membranes when the environment transitioned from nearly saturated humid air to liquid water. Furthermore, we discovered that the introduction of pores into block copolymer membranes prior to sulfonation provided additional control over water uptake and conductivity. 27 The fabrication and characterization of the porous membranes are discussed in ref 27 .
The focus of this work is to study and understand the nanoscale swelling behavior of S-SES membranes. We fabricated a series of nonporous and porous S-SES membranes with the same nominal composition but with varying morphologies. We demonstrate that when S-SES membranes absorb water from a liquid water reservoir, the sulfonated polystyrene (PSS) block swells extensively, and no order-to-order transition was observed. The nanodomain swelling within these membranes was examined by small angle X-ray scattering (SAXS), cryogenic scanning 5 transmission electron microscopy (cryo-STEM) and cryogenic electron tomography. This paper is part of the series on the interplay between morphology, solvent uptake and ion transport through block copolymer electrolyte membranes. 21, [24] [25] [26] [27] [28] [29] Experimental Materials: Homopolymer polystyrene (hPS) and polystyrene-b-polyethyleneb-polystyrene (SES) triblock copolymer was synthesized using anionic polymerization protocol described in Ref 26. 26 The molecular weight of hPS used in this work was 5.9 kg/mol, with a dispersity of 1.06. The molecular weights of polystyrene (PS) and polyethylene (PE) blocks of SES were 13.8 and 18.7 kg/mol, respectively.
Membrane fabrication:
Predetermined ratios of hPS and SES were dissolved in o-xylene and gently stirred at 100 °C for 4 hours. The solution was then cast on an ultraclean aluminum foil using a custom-built solvent caster equipped with a doctor blade at 80 °C. The concentration of the solution and the height of the doctor blade were adjusted to obtain membranes with thicknesses of 40 ± 5 µm. The membranes were dried under vacuum at 80 °C for 24 hours. After drying, the aluminum foil was removed by immersing the membrane (with the aluminum foil stuck to it) in 1M hydrochloric acid. The resulting free-standing membrane was washed with deionized water several times and dried under vacuum for 16 hours. 6 The hPS/SES blend membranes were washed with THF at room temperature, to selectively dissolve hPS, followed by a methanol rinse. This is repeated three times to ensure complete removal of hPS. The weight of the membranes before and after washing was measured. For all the membranes used in the study, the weight of hPS originally blended into SES was equal to the weight extracted. We define the nominal void volume fraction, ϕ v , as the volume fraction of hPS that was blended with SES and subsequently extracted.
Pristine nonporous SES membranes were prepared following the same steps described above for systematic comparison (acid wash followed by THF/methanol rinses). SES membranes (porous and nonporous) were sulfonated in a customdesigned three-neck reactor. A membrane with 2 inch diameter was punched out and held in place with a custom-designed Teflon clamp inside the reactor. The sulfonation reaction was conducted in 1,2-dibloroethane with acetic sulfate as the sulfonating agent, as reported previously. The sulfonated membranes (S-SES) were stored in deionized water prior to measurements.
Determination of Ion Content:
Ion exchange capacity (IEC), defined as the milliequivalents of sulfonic acid groups per dry gram of polymer (mmol/g), was measured using the following procedure 16 : a piece of waterequilibrated membrane was immersed in 1M NaCl, and gently stirred for 16 7 hours. During this time, the H + ions in the membrane are replaced by Na + ions. After completion of ion exchange, membrane was removed from the solution. The solution was titrated with a standard 0.01M NaOH solution to the phenolphthalein endpoint. The membrane was then soaked in 0.1 M HCl for 2 hours to return it to the acid form. After acid treatment, the membrane was washed with deionized water several times and soaked in deionized water for 16 hours. Finally the membrane was dried under vacuum at room temperature for 24 hours and then at 80 °C for two hours. It was allowed to cool down in a desiccator before the dry weight, W dry , was measured. IEC is calculated using equation 1.
The sulfonation level (SL) of S-SES, defined by equation 2, was calculated from IEC and the weight fraction of PS block in SES.
SL= mol SSA mol S+mol SSA (2) where SSA is styrene sulfonic acid and S is styrene.
Water uptake: Water uptake, WU, of the membranes is defined by equation
where W wet is the wet weight of the membrane and W dry is the dry weight of the membrane. To obtain W wet , a piece of water-equilibrated membrane was taken out of water and gently dabbed with Kimwipe to remove surface water.
The weight of the membrane was then quickly measured on a balance. The hydrated membrane was kept in water for at least 5 days prior to this measurement. 26 Membrane was subsequently dried in vacuum at room temperature for 24 hours and then at 80 °C for two hours. It was allowed to cool down in a desiccator before W dry was measured. Tomography experiments were performed on a JEOL 3100 microscope using 300 keV acceleration voltage. Single tilt series images were collected in the angle range −65° -65° for each tilt series. Alignment and reconstruction were done using the IMOD tomographic reconstruction software package.
SAXS:
The reconstructed tomogram was segmented and colored using Avizo
Standard.
Results and Discussion
We prepared a series of S-SES membranes using the following protocol: we started with a membrane comprising a mixture of homopolymer polystyrene (hPS) and an unsulfonated polystyrene-b-polyethylene-bpolystyrene (SES) triblock copolymer. Homopolymer polystyrene is selectively removed from the blend membrane, leaving behind a porous SES membrane (for details see the Experimental section). The porosity of the SES membrane, ϕ v , is assumed to be equal to the volume fraction of hPS in the blend membrane. The porous SES membrane was then sulfonated to produce an S-SES membrane with hydrophilic PSS domains and hydrophobic PE domains. Using this method, we obtained a series of S-SES membranes that have the same nominal chemical composition, differing only slightly in sulfonation levels. In a previous study we examined the pore structure of membranes fabricated following the same protocol. 27 We found that mesoscopic pores are present in the SES membranes prior to sulfonation, but they are not present in the sulfonated S-SES membranes. The membranes used in this work are described in Table 1 . We refer to the sulfonated membranes as S-SES(x), where x is the volume percent of hPS that was blended with SES and subsequently extracted. Figure 1 shows the water uptake, WU, of S-SES membranes as a function of ϕ v . Water uptake for these S-SES membranes increased with increasing ϕ v , from 160% of S-SES(0) to 370% of S-SES(40). This result is consistent with our previous findings. 27, 30 In order to study the nanodomain swelling of S-SES membranes, we examined their morphologies in both the dry state and in the hydrated state equilibrated in a water reservoir. Figure 2 shows SAXS results on S-SES membranes in the dry state. The profiles are vertically shifted for clarity. All five membranes of interest showed a single broad peak. We fitted each peak with a Lorentzian distribution function provided by the Multi-peak Fit Package of Igor Pro 6.37. Typical peak fitting results are shown in Figure 3a , where the black curve is the experimental scattering data for dry S-SES(0), and the red curve is the fitted data. The domain spacing of dry S-SES membranes, d dry , was calculated using d dry = 2π/q * , where q * is the peak position obtained from the Lorentzian fits. Figure 3b shown in Figure 5 . We observed a strong secondary peak arising in all of S-SES membranes when they are immersed in water. The origin of this 13 secondary peak is due to a separate water-rich phase in the center of the PSS-rich domains when S-SES membranes are equilibrated with liquid water, as established in ref 26 26 where we showed consistency between the Fourier transform of the electron density distribution determined from electron micrographs and the SAXS profiles. We fitted the scattering profiles of hydrated S-SES membranes with Lorentzian functions, following the same procedure as the peak fitting of the dry S-SES membranes. Typical peak fitting results are shown in Figure 6a . The bottom red curves are fitted results for the primary peak (labeled as Peak 1) and the secondary peak It is important to recognize that proof of a pure water channel in microphase separated systems is not trivial to obtain. In our lamellar samples (Figure 7a and 7b) , the water channels can clearly be seen when the lamellae are orthogonal to the sample plane, as the entire channel contributes constructively to the contrast between the channel and the hydrated PSS brush in the image. Such constructive enhancement of contrast does not occur in bicontinuous morphologies. We use the SAXS data from hydrated SES (30) and SES(40) to conclude the presence of water channels in the bicontinuous morphologies (Figures 7c and 7d ).
We conducted cryogenic transmission electron tomography experiments on S-SES(40), in both dry and hydrated states to further characterize the bicontinuous morphologies in these systems. Figure 8a shows tomogram slices of the dry S-SES(40) sample. The tomogram tilt series were collected on a Gatan K2 camera with a zero-loss energy filter.
The more electron dense PSS-rich phase appears dark in the micrograph and PE-rich phase is the bright regions. Note that the contrast is the opposite to STEM images in Figure 4 and 7 as the STEM images were dark field images and the tomogram series were bright field images. The tomogram was segmented to identify the PSS-rich phase and the results are shown in Figure   8c ; the PSS-rich microphase is colored purple. The tortuous bicontinuous microphases are clearly seen in the tomography images. Similarly, hydrated 16 S-SES(40) also present a bicontinuous morphology, shown in Figure 9b and d. We cannot see the water-rich phase in the tomograms due to the lack of contrast as discussed above. It is evident that the PSS domains swell considerably in the hydrated state.
In Figure 9a while for selective solvents,  ranges between -2 and -3. [31] [32] [33] 
Conclusions
In this work, we examined the swelling of a series of block copolymer electrolytes immersed in liquid water. We focused on the swelling (and deswelling) of individual domains due to exposure to water. The series was prepared by mixing varying amounts of a polystyrene homopolymer in a polystyrene-b-polyethylene-b-polystyrene, casting the mixture to obtain a membrane, extracting the homopolymer to obtain nanoscale voids, and sulfonating the membrane. In the neat state, these sulfonated polystyreneb-polyethylene-b-polystyrene (S-SES) membranes have the same chemical composition (differing only slightly in sulfonation levels) but they exhibited a crossover from lamellar to bicontinuous morphology with increasing void fraction. The water update is a strong function of void fraction, increasing by a factor of two in our experimental window. The overall swelling of the nanodomains, determined by SAXS, decreases slightly at the crossover due Profiles are vertically shifted for clarity. 26 
